high coffee consumption, lack of physical activity (PA), cognitive impairment, depression, cardiovascular disease, poor renal function, slower gait speed, lower quadriceps strength, functional decline, and an increased risk of mortality (8) (9) (10) (11) (12) .
The prevalence of poor peripheral nerve function and neuropathy is high in older adults and increases with age (13, 14) ; more than 25% of older adults have PN or clinically positive tests for neuropathy (15) . Diabetes mellitus (DM) is the major risk factor for clinical PN in older adults but accounts for only half of the cases (13) . Subclinically, poor peripheral nerve function is associated with lower physical performance and strength in older adults, independent of DM (16, 17) . Therefore, implications for disability associated with subclinical peripheral nerve function exist and identifying key risk factors for poor peripheral nerve function is critical.
To our knowledge, there have been no cohort studies examining the association between vitamin B12 or Hcy and peripheral nerve function, despite their clear association with aging. We hypothesized that low B12 and high Hcy and sustained low B12 and high Hcy are associated with greater decline in neurological function, compared with sustained normal B12 and Hcy levels. The purpose of this study is to examine whether low B12 or high Hcy levels are associated cross-sectionally or longitudinally with: (i) peripheral nerve function, (ii) clinical neurological signs, and (iii) PN symptoms.
Methods

Study Population
The InCHIANTI Study is an ongoing, population-based longitudinal cohort study examining factors contributing to the decline of mobility in late life in the Chianti region of Italy. Details of the study have been described elsewhere (18) . Briefly, in August 1998, 1,616 adults, aged 21-102 years, were selected from the population registry of Greve in Chianti (a rural area; 11,709 inhabitants, with 19.3% 65+ years) and Bagno a Ripoli (Antella village, near Florence; 4,704 inhabitants, with 20.3% 65+ years). The participation rate was 90% (1,453/1,616).
There were 1,203 participants who were 60+ years at baseline, and 1,091 (91%) had B12 or Hcy in addition to at least one neurological measure. At the 3-year follow-up, 70 refused to participate, 10 relocated, 3 could not be located, and 107 died. Of the 892 participants with a 3-year visit, 797 (89%) had B12 or Hcy measured. Of these, 119 did not have a 6-year follow-up visit (18 refused, 6 relocated, and 95 died), leaving 678 participants in our analytic sample. The study was approved by the Ethics Committee of the Italian National Institute of Research and Care of Aging, and informed consent was obtained from all participants.
Assays
Blood samples were collected and stored at −80°C. Serum vitamin B12 levels were measured with a radioligandbinding assay (SimulTrac-SNB Radioassay; ICN Pharmaceuticals). The minimum detectable concentration was 75 ng/L and the intraassay and interassay coefficients of variation were 11.0% and 12.0%, respectively. Plasma Hcy concentrations were measured by a fluorimetric polarized immunoassay method (IMX; Abbott Laboratories) (19) . The sensitivity of the IMX Hcy assay was 0.5 µmol/L, and the interassay coefficient of variation was 4.1%. Serum folate, vitamin B6, total cholesterol, creatinine, and inflammatory markers (interleukin 6 and tumor necrosis factor-alpha) were measured with commercial assays, which were previously described (19) .
Low B12 was defined as less than 260 pmol/L and normal as more than or equal to 260 pmol/L (20) , and high Hcy was defined as more than or equal to13 mmol/L and normal as less than 13 mmol/L (21). B12 and Hcy levels were only measured at baseline and 3-year followup and categories of 3-year change included: (i) Stay Normal, (ii) Poor to Normal, (iii) Normal to Poor, and (iv) Stay Poor.
Peripheral Motor Nerve Function
Standard surface electroneurographic studies of the right peroneal nerve were conducted within 3 weeks of the home interview by a trained geriatrician (18) . All studies were performed on an electroneurographic-neuro MYTO device (EB Neuro S.p.A, Florence, Italy) using standard electroneurographic-neuro disposable electrodes (22) . Nerve conduction amplitude (compound motor action potential [CMAP] ) and nerve conduction velocity [NCV] were measured between the fibular head and ankle.
Neurological Examination
Neurological signs within the motor and sensory system and cranial nerves were assessed in the neurological examination (23) . The intraclass correlation coefficient for test-retest reliability for each item was more than 0.8. Neurological signs evaluated in relation to low B12 were (i) abnormal touch sensitivity, (ii) abnormal vibration sensitivity, (iii) impaired sense of ankle position, (iv) abnormal deep tendon reflexes, (v) positive Babinski reflex, and (vi) a positive Romberg sign. Participants were excluded from the neurological exam analyses if they had Parkinson's disease, history of stroke, or multiple sclerosis.
Symptoms Related to PN
Participants were asked (i) "at present, do you ever experience pain in the left foot? . . . right foot?" and (ii) "at present, do you ever experience a sensation of coldness in the left foot? . . . right foot?"
Potential Confounders
Potential confounders associated with vitamin B12 or Hcy and neurological function were included as covariates in the multivariable analyses. Demographic and health information were assessed at baseline. DM was diagnosed using the criteria from the American Diabetes Association: self-reported physician diagnosis, fasting glucose more than or equal to 126 mg/dL, or diabetes medication (24) . Chronic health conditions (eg, hypertension, peripheral arterial disease, congestive heart failure, myocardial infarction, stroke, thyroid disease) were adjudicated using selfreported history, physical examination (eg, blood pressure), and medical records (18) . Smoking status was assessed by self-report. Alcohol intake (g/d) was estimated using the European Prospective Investigation into Cancer and Nutrition food frequency questionnaire (25) . To assess PA, participants were asked if they performed any sport or recreational activity for more than or equal to 3 months in the last year (26) and to specify the type and frequency. PA was categorized as (i) sedentary (hardly any PA, mostly sitting), (ii) light (light exercise 2-4 h/wk), and (iii) moderatehigh (moderate or intense exercise ≥1 h/wk). Body mass index was calculated as weight (kg)/height 2 (m 2 ).
Statistical Analyses
Differences in demographics, lifestyle factors, body composition, chronic health conditions, and cardiovascular risk factors were tested by change in B12 and Hcy levels, using Pearson c 2 tests or Fisher exact test for categorical variables and analysis of variance, Kruskal-Wallis, or t tests for continuous variables.
Logistic regression was performed at baseline for neurological signs and symptoms. Multinomial logistic regression was used to model change in signs and symptoms, using change in B12 and Hcy levels, separately as independent variables.
For nerve conduction, cross-sectional analyses were performed at baseline, using separate multivariable linear regression models for each independent variable (baseline low B12 and high Hcy) with each outcome (baseline CMAP and NCV). Multivariable linear regression was used for longitudinal change, separately for change in B12/Hcy for outcomes: (i) 6-year CMAP change and (ii) 6-year NCV change. Mixed linear modeling was performed separately for CMAP and NCV (using data from baseline, 3-year, and 6-year follow-up) with change in B12 and Hcy modeled individually as the independent variables.
The models were built progressively in order, adjusting for potential confounders: demographics (age, sex, clinic site), DM, body mass index, lifestyle factors (smoking status, alcohol intake, activity level), cardiovascular risk factors (hypertension, cardiovascular disease, peripheral arterial disease, myocardial infarction, stroke), thyroid disease, creatinine, use of hypoglycemic medications, inflammatory markers (interleukin 6, tumor necrosis factor-alpha), and folate and vitamin B6 levels. Vitamin B12 and Hcy were considered as confounders when not the predictor in the models. MiniMental State Examination was additionally included for the neurological signs and symptoms. Demographics and DM were included in all models; other variables were removed if p > .10. Sensitivity analyses were conducted removing participants with DM and excluding those who changed categories for B12 or Hcy but only had a small amount of overall change (eg, B12 within 50 pmol/L; Hcy within 1 mmol/L). Multicollinearity for independent variables was assessed using the variance inflation factor; no variance inflation factor was more than 2. All analyses were conducted with SAS, version 9.2 (SAS Institute Inc., Cary, NC).
There were no differences among neurological outcomes between those with B12 and Hcy data at baseline and those without B12 and Hcy data at baseline. Compared with participants with baseline and 6-year follow-up, participants with only baseline data were more likely to be older (77.7 ± 7.7 years vs 72.2 ± 6.2 years; p < .0001), have DM (15.3% vs 9.0%; p = .006), high Hcy (73.6% vs 56.4%; p < .0001), and worse CMAP (5.1 ± 3.1 vs 6.8 ± 3.2 mV; p < .0001) and NCV (43.4 ± 3.9 vs 44.5 ± 4.0 m/s; p = .0002) at baseline.
Results
Baseline characteristics by change in B12 and Hcy categories are shown in Tables 1 and 2 , respectively. Men were more likely to have low B12 at follow-up. Higher alcohol consumption and Hcy were associated with having low B12 at either time compared with having normal B12 at both times. Participants with low B12 at baseline had lower folate levels compared with having sustained normal B12. High Hcy was associated with older age, male sex, higher alcohol consumption, higher interleukin 6 and tumor necrosis factor-alpha levels, and lower B6, B12, and folate levels.
The prevalence of low B12 decreased slightly from baseline (44%) to 3-year follow-up (39%), whereas the prevalence of high Hcy decreased considerably from 59% to 46% at follow-up. More than half of the participants had low B12 at one time (53%) with 30% having low levels at both times. Only 37% had normal Hcy at both times, whereas 41% had high Hcy at both times, and 18% improved to normal Hcy at the 3-year follow-up visit.
Cross-sectionally at baseline, participants with high Hcy had lower NCV compared with normal Hcy (44.1 ± 3.7 vs 44.8 ± 4.2 m/s; b = −.71; p = .04), but after adjusting for confounders, the association was no longer significant (b = .40; p = .22).
The prevalence of poor CMAP (<1 mV) and NCV (<40 m/s) (27) increased at each time point, with a substantial increase in poor NCV at the 6-year follow-up to more than 50%. Those who had high Hcy at both times or became high at follow-up had significantly lower NCV compared with those with sustained normal levels ( Table 3 ). There were no significant differences in motor nerve function by change in B12 (data not shown). About 12% of the participants declined to poor CMAP. Less than half (49%) had normal NCV at both baseline and 6-year follow-up. There were 42% who had normal NCV at baseline and declined to poor NCV at follow-up (mean decline: 7.1 ± 3.3 m/s).
In the multivariable mixed models, no significant association was found between change in B12 and changes in CMAP or NCV. However, high Hcy at baseline and 3-year follow-up was associated with worse CMAP across visits compared with sustained normal Hcy (p = .04), after adjusting for demographics, DM, and folate level (Table 4) . Change in Hcy was not significantly associated with NCV change after adjustments or NCV longitudinal trend. Sex and DM attenuated the association. There was no association between B12 or Hcy and PN symptoms, cross-sectionally or longitudinally.
At baseline, high Hcy was not associated with abnormal touch sensitivity (monofilament) after adjusting for covariates. Body mass index and PA attenuated the association. In the longitudinal analysis, participants with normal Hcy at baseline and high Hcy at follow-up were more likely to become unable to detect monofilament at 6-year follow-up compared with those with normal Hcy at both times (odds ratio: 5.4; 95% confidence interval: 1.5-19.0), after adjusting for demographics, DM, body mass index, and peripheral arterial disease. Results were consistent in our sensitivity analyses.
Discussion
High Hcy was associated with poor motor and sensory peripheral nerve function (CMAP and inability to detect 4-g monofilament touch). This is the first study, to our knowledge, that examined the association between Hcy and peripheral nerve function and that considered change in B12 and Hcy and change in peripheral nerve function. Although sensory neuropathy is known to be associated with B12 deficiency (28), we found an association between high Hcy and both motor and sensory nerve function. These findings are important because worse nerve function may lead to impaired physical function and disability in older adults (14, 16, 29) .
We found no association between B12 or Hcy and PN symptoms. The participants were asked "at present" whether they had the symptoms, and PN is often asymptomatic or symptoms may only be present early (30) . Furthermore, the symptoms may have been too general, and PN symptoms such as deep aching or burning pain were not assessed. We did not find an association between low B12 and neurological signs. This is an important finding because older adults may not have clinically recognized signs of deficiency, and thus, low B12 levels may go unnoticed.
There was a high prevalence of low B12 and high Hcy, which was higher than previously found (2,7). In Italy, there is no mandatory folic acid fortification, whereas there has been in the United States since 1998 (1). Because folic acid can lower Hcy, we expected a higher prevalence of elevated Hcy compared with the United States. In addition, less than 4% of participants took supplemental vitamins at baseline (31) . Also, alcohol consumption is common in Italian older adults (32) and is related to higher Hcy (33) . The high prevalence of poor B12 and Hcy levels may also be attributed to using a higher B12 and a lower Hcy cut-point. We used these cut-points because although B12 deficiency is a known cause of PN, little is known about how low B12 or moderate hyperhomocysteinemia affect peripheral nerve function, and prevalences of both are high among older adults. The prevalence of high Hcy decreased from baseline to 3-year follow-up. Lifestyle factors such as smoking, low PA, and excessive coffee and alcohol consumption can cause hyperhomocysteinemia (34) . Participants and their physicians received the test results and may have changed diet or lifestyle habits accordingly. It is possible that the prevalence of high Hcy of those without follow-up data did not decline over time as those with baseline only data were more likely to have high Hcy levels at baseline (74%) compared with those with follow-up data (56%). Thus, the decrease in prevalence could be due to survival bias.
The prevalence of poor CMAP and NCV was also high and increased at each time point, with a considerable increase in poor NCV at 6-year follow-up. We expected NCV to decline before CMAP because CMAP is related to nerve axonal damage and NCV is related to nerve demyelination, which is thought to occur before axonal degeneration because myelin covers and protects the axons (35) .
One limitation was having few participants who declined from normal to poor B12 or Hcy. Also, B12 and Hcy levels were not tested at the 6-year follow-up, and methylmalonic acid testing was not done. Methylmalonic acid is highly sensitive and specific at determining poor B12 status, whereas serum B12 is not very sensitive or specific (9) , and the inadequacy of determining poor B12 status may possibly explain the null findings with B12. There was no objective sensory nerve function assessed. We did not adjust for multiple comparisons in our analyses which likely would weaken our associations. Importantly, our study included older adults who lived in Italy, and our findings may not be generalizable to other populations due to differences in diet, supplement practices, and folic acid fortification. Because participants with only baseline data had higher Hcy and worse nerve function at baseline, the models may underestimate the effect of the association if dropouts were more likely to have progressed PN. In addition, those who had poor CMAP or NCV at baseline did not have much room to decline because they had very low levels. Thus, looking at continuous change in nerve function may not be appropriate for those who already had poor nerve function at baseline. A strength of this analysis was that it was longitudinal and included three time points for the outcomes. The longitudinal analysis was critical because we did not find any cross-sectional associations, and we saw the impact of sustained high Hcy on peripheral nerve function. We had a large cohort of older men and women. Measuring motor nerve function with nerve conduction is highly sensitive and reproducible and is considered state of the art (36) . We had measures of both motor and sensory nerve function. Monofilament detection, while not as sensitive, is very specific and has high clinical significance because it is an inexpensive and quick test that can be done in an exam room (37) . Previous work has shown high creatinine levels are associated with high Hcy (33); however, we adjusted for creatinine in our models and found no difference.
This analysis shows that high Hcy may be related to worse sensory and motor peripheral nerve function. These results have important implications for motor functioning and disability in older adults. Several researchers have identified a link between PN and impaired balance and falls (38, 39) . Vitamins B6, B12, and folic acid can effectively lower Hcy, and supplements are readily available, adequately absorbed, and highly tolerated in older adults (40) . However, previous clinical trials have not examined the effect of B vitamins on peripheral nerve function. Future work should examine if vitamin B6, B12, and folic acid can lower Hcy levels and improve peripheral nerve function in older adults. 
